Abstract This work investigated C2F6/O2/Ar plasma chemistry and its effect on the etching characteristics of SiCOH low-k dielectrics in 60 MHz/2 MHz dual-frequency capacitively coupled discharge. For the C2F6/Ar plasma, the increase in the low-frequency (LF) power led to an increased ion impact, prompting the dissociation of C2F6 with higher reaction energy. As a result, fluorocarbon radicals with a high F/C ratio decreased. The increase in the discharge pressure led to a decrease in the electron temperature, resulting in the decrease of C2F6 dissociation. For the C2F6/O2/Ar plasma, the increase in the LF power prompted the reaction between O2 and C2F6, resulting in the elimination of CF3 and CF2 radicals, and the production of an F-rich plasma environment. The F-rich plasma improved the etching characteristics of SiCOH low-k films, leading to a high etching rate and a smooth etched surface.
Introduction
To reduce the delay in electrical signal propagation in microelectronic chips, great attention has been paid to porous SiCOH low dielectric constant (low-k) films [1∼4] . With the feature size scaled down to a few tens of nanometers, one of the most important challenges is the electrical reliability induced by etching and ashing processes. Due to the porous structure of SiCOH low-k films, plasma etching can induce rough surfaces, micro-trenches and variation in the etching depth, making it hard to have precise profile control of etched patterns [5] . If the roughness of the bottom or sidewalls is a few nanometers, continuous thin Cu diffusion barrier layers are difficult to produce. As a result, the reliability and electrical dispersion are affected [1, 6] .
To improve the etching characteristics of SiCOH lowk films, the etching plasma should be optimized, which is accomplished by optimizing both the plasma chemistry and the ion bombardment [1] . For SiCOH low-k films, the main type of etching plasma is fluorocarbon plasma, such as CHF 3 , C 2 F 6 and C 4 F 8 plasma [7∼9] . However, during the etching of SiCOH low-k films using fluorocarbon plasma, fluorocarbon films can deposit at the etched SiCOH low-k films and influence the etching characteristics [10] . To optimize the fluorocarbon plasma chemistry and reduce the fluorocarbon deposition, a proper O 2 addition in fluorocarbon gas was needed [8, 9] . To optimize the ion bombardment, the dual-frequency plasma, which can achieve independent control of the plasma density and ion energy by the high-frequency (HF) and low-frequency (LF) powers respectively [11∼13] , is expected to address the problems. Therefore, the dual-frequency capacitively coupled plasma (DF-CCP) source is becoming an important etching tool in microelectronic manufacturing. However, investigations of dual-frequency discharge plasma have mostly focused on the effect of discharge conditions, such as frequency coupling, HF power and LF power, on plasma characteristics. The effect of these conditions on plasma chemistry and etching characteristics of the SiCOH low-k films in DF-CCP discharge is seldom reported.
In this study, the C 2 F 6 /O 2 /Ar plasma characteristics and etching of SiCOH low-k dielectrics in 60 MHz/2 MHz dual-frequency capacitively coupled discharge were investigated. The influences of lowfrequency (2 MHz) power on the plasma characteristics, SiCOH low-k film etching and trench etching in SiCOH low-k films were examined.
Experimental setup
In this experiment, the plasmas were generated in a 60 MHz/2 MHz dual-frequency capacitively coupled plasma system, as shown in Fig. 1 . The diameter of the two symmetrical plate electrodes was 200 mm. The gap * supported by National Natural Science Foundation of China (Nos. 10975105, 11075114) 2 6 2 between the two flat electrodes was fixed at 50 mm. The 60 MHz RF generator (Comdel, CV500) with a power of 165 W was applied to the top electrode to produce plasma. A 2 MHz RF generator (Comdel, CX600) with power from 5 W to 40 W was applied to the bottom electrode to control the ion energy to the wafer. Both the top and bottom matching boxes were an "L" type configuration composed by two variable capacitors and a fixed inductor. The base pressure of the chamber was approximately 10 −3 Pa and the working pressure was 50 Pa. Hexafluoroethane (C 2 F 6 , 99.99%), oxygen (O 2 , 99.999%) and argon (Ar, 99.999%) were used as the discharge gases. The gases were introduced through a corresponding mass flow controller into the gas buffer container and then via a small hole at the center of the top electrode into the chamber. Actinometry optical emission spectroscopy (AOES), widely used to measure the fluorocarbon relative density in low pressure plasmas [14∼17] , was used to characterize the radical relative density. This method requires a ratio of emission rate coefficients with only a weak dependence on the electron temperature. The condition is usually fulfilled if diagnostic lines are used with similar excitation thresholds and shape of cross sections. For the F atom, the line intensity is proportional to the electron density n e , the excitation coefficient k F by electronic collision related to the electron energy distribution function (EEDF), and the atomic density [F] [16] .
where C F is the detection efficiency and r F is the branching ratio of the emission line observed. F line intensity (703.8 nm) normalized by Ar line intensity (750.4 nm) gives the actinometric ratio, which no longer depends on the electron density.
In our work, the excitation cross sections of the chosen F (703.8 nm) and Ar (750.4 nm) lines have a close threshold, which are 14.74 eV and 13.47 eV, respectively. Meanwhile, the Maxwellian EEDF is satisfied in our experimental conditions (above 13.3 Pa) [18] . Therefore, the ratio of the excitation coefficients can be roughly considered as constant and independent of the electron temperature [16] , and a good estimation of the F relative density can be obtained by using Eq. (2). For the other fluorocarbon radials, a good estimation of their relative density can also be obtained by Eq. (2) as long as the same EEDF as above was obtained [17] . Under our experimental conditions, this assumption is valid due to the Maxwellian EEDF [18] . Experimentally, the C 2 F 6 /Ar and C 2 F 6 /O 2 /Ar plasmas were measured by using an optical emission spectroscope (AvaSpec-2048 fiber optic spectrometer) equipped with a CCD detector. The optical emission signals in the wavelength range of 200 ∼ 800 nm with the resolution of 0.05 ∼ 0.13 nm were collected via a fiber from the position 2 ∼ 5 mm above the bottom electrode. During the measurement of C 2 F 6 /Ar plasmas, the flow rates of C 2 F 6 and Ar were 20 sccm and 0.5 sccm, respectively. For the C 2 F 6 /O 2 /Ar plasmas, the flow rate of O 2 , C 2 F 6 and Ar were 2 sccm, 20 sccm and 0.5 sccm, respectively. The 0.5 sccm Ar was used as the actinometry to obtain the radical relative density by normalizing the measured optical line intensity to that of the Ar line at 750.4 nm.
The SiCOH low-k films (k = 2.88) were etched using C 2 F 6 /O 2 /Ar 60 MHz/2 MHz dual-frequency capacitively coupled plasmas (DF-CCP) [19, 20] . The SiCOH low-k films were placed at the bottom electrode. The working pressure was kept at 50 Pa. The mixture of C 2 F 6 , O 2 and Ar with the flow rate of 2 sccm, 20 sccm and 2 sccm was used as the etching gas. The etching time was kept at 4 min. The etching rate was calculated from the films' thickness variations measured by using an ET350 profiler with a resolution of 10 nm. The microstructures and surface roughness of the etched SiCOH low-k films were analyzed by using a Veeco Multimode atomic force microscope AFM with a Nanoscope 3D controller and a scanning probe microscope (Solver Pro, SPM) in semicontact operating mode.
3 Results and discussion 3.1 C 2 F 6 /Ar dual-frequency plasmas Fig. 2 illustrates the typical optical emission spectrum of C 2 F 6 /Ar dual-frequency capacitively coupled plasma, which was collected at the HF power of 165 W, the LF power of 35 W and the pressure of 50 Pa. The identifiable optical emissions from the C 2 F 6 dissociation are a strong CF 2 (220 ∼ 280 nm) band, weak F (703.85 nm) and CF 3 (610 nm) [21] lines, and a very weak CF (205.04 nm) line. TRUESDALE found that the main products in C 2 F 6 discharges also included CF 4 and C 2 F 4 except for CF 2 [22] . However, CF 4 and C 2 F 4 cannot be identified in our optical emission spectrum. Therefore, this work focuses on the effect of LF power on CF 2 , CF 3 , F and CF radicals. From the intensity of CF 2 , CF 3 Fig. 3 . It can be seen that the increase in the LF power leads to a decrease in CF 2 , an increase in F and CF, and an initial increase and then decrease in CF 3 . So, the LF power has an important influence on C 2 F 6 plasma chemistry. Usually, C 2 F 6 can be directly dissociated or ionized by electron-impact processes. The dissociation processes by electron-impact are as follows [23] .
C 2 F 6 + e → C 2 F 5 + F + e ΔH = 4.95 eV.
The ionization processes related to the formation of CF 2 , CF 3 and F by electron-impact are as follows [24] . C 2 F 6 + e → CF [25] .
CF 2 + e → CF + F + e ΔH = 5.35 eV.
Because the energy for the dissociation processes is close to the average electron temperature, reactions (3)∼(5) should dominate the plasma chemistry in the low temperature plasma. However, due to the electron energy distribution, the electrons at the high energy tail of EEDF can also influence the plasma chemistry by ionizing processes. From the measurement of EEDF by using a Langmuir probe in Ar plasma, the electrons with energy above 16 eV decreased greatly [18] . Therefore, the ionizing processes by electron-impact make a small contribution to the C 2 F 6 plasma chemistry.
For the variation in the radical relative density with the LF power increase, the possible reason is as follows. Because the electron-neutral impact is the main path of fluorocarbon gas dissociation, the electron temperature is a major factor affecting the fluorocarbon gas dissociation. At the LF power of 10 W, the higher CF 2 density and lower CF 3 , F and CF density mean that the dissociation process by reaction (3) dominates the C 2 F 6 plasma chemistry. With the LF power increase, the decrease in the CF 2 density and increase in the CF 3 , F and CF density mean that the probability of reaction (3) decreases while that of reactions (4) and (5) increase. As the LF power rises to above 25 W, the increase in the LF power leads to a decrease in the CF 3 density and a slight increase in the F, CF 2 and CF density. This result cannot be well explained according to reactions (3) to (5) only. The decrease in CF 3 may be due to the probability decrease of reaction (4). However, the increase in F and CF 2 indicates that the probability of reactions (5) and (3) should increase. Because the energy for reaction (5) is close to that of reaction (4), the change in CF 3 is in conflict with that in F and CF 2 if only the electron-impact processes are considered. Except for the probability decrease of reaction (4), the decrease of CF 3 radicals may also be due to the further dissociation by the following reaction [26] .
CF 3 + e → CF 2 + F + e ΔH = 9.00 eV.
The measurement of EEDF shows that increasing the LF power cannot lead to an obvious change in EEDF around 9 eV [18] . Therefore, the decrease in CF 3 with the LF power increase should not depend on the electron impact. In dual-frequency plasma, the increase in LF (2 MHz) power was found to lead to a simultaneous increase in ion bombardment energy and ion flux onto the electrode [12] , a broader ion energy distribution and a shift of peaks to higher energy [13] . Due to the increase in the ion energy and ion flux with the LF power increase, the role of ion-neutral impact in C 2 F 6 plasma chemistry is enhanced gradually. The dissociation of CF 3 at a higher LF power is due to the contribution of 2 6 2 in ion-neutral impact. Therefore, in dual-frequency discharge plasma, the LF power plays an important role in controlling C 2 F 6 plasma chemistry by electron-neutral impact and ion-neutral impact simultaneously.
The effect of discharge pressure on the relative density of CF 2 , CF 3 , F and CF is also analyzed, as shown in Fig. 4 . It can be seen that the increase in the discharge pressure leads to a decrease in the CF 2 , CF 3 , F and CF relative density. The possible reason is the cooling of high energy electrons due to more collisions of electrons in the plasma at higher pressure. With the pressure increasing, the electrons' collision probability increases. More electrons are confined in the bulk plasma, resulting in reduced collisionless heating. As a result, the electron temperature drops, causing the decrease of C 2 F 6 dissociation. Fig.4 Relative density of CF2, CF3, F and CF radicals with pressure increase
C 2 F 6 /O 2 /Ar dual-frequency plasmas
When O 2 is added into C 2 F 6 , the case is different. Fig. 5 shows the typical optical emission spectrum of C 2 F 6 /O 2 /Ar dual-frequency capacitively coupled plasma, which was collected at the HF power of 165 W, LF power of 35 W and pressure of 50 Pa. The spectrum of C 2 F 6 /O 2 /Ar plasma is different from that of C 2 F 6 /Ar plasma. The strong F (703.85 nm) line and the obvious CF (205.04 nm) line appear while no CF 2 (220 ∼ 280 nm) band or CF 3 (610 nm) line is found. Apart for the F and CF lines, the emission lines from CO (282.05 nm, 296.78 nm, 312.78 nm, 329.80 nm, 412.61 nm and 451.16 nm) and O (776.68 nm) can be seen [27] . From the optical emission spectra of C 2 F 6 /O 2 /Ar plasmas, the relative density of F and CF radicals are obtained by using the intensity of F and CF lines at 703.8 nm and 205.04 nm, respectively. The relative density of F and CF radicals with the LF power increase is shown in Fig. 6 . It can be seen that the increase in the LF power leads to a large increase in the F relative density, and a slight increase in the CF relative density. For the increase of F radicals and the appearance of CO radicals, the possible reason is as follows. When O 2 is added into C 2 F 6 , the fluorocarbon gases can be dissociated in the plasma and liberate reactive fluorine species [28] , while carbon is removed as CO or CO 2 [29] , as follows.
Therefore, the O 2 addition in C 2 F 6 can lead to a high F density and create an F-rich plasma environment. 
Etching characteristics of SiCOH low-k films
Because the C 2 F 6 /O 2 /Ar plasma is an F-rich environment, the etching of SiCOH low-k films will be influenced. Fig. 7 shows the etching rate of SiCOH lowk films with the LF power increase. It can be seen that with the LF power increasing from 10 W to 35 W, the etching rate of SiCOH low-k films increases rapidly from 91.4 nm/min to 291.7 nm/min. In the etching of SiCOH low-k films by using the CHF 3 plasma, no transition of etching behavior from film deposition to etching is found [7] . During the etching of SiCOH films using fluorocarbon plasma, F atoms were efficient etching agents [8] , while CF x radicals often deposited on the etched films forming a C:F layer. The C:F layer can form an inhibitor for the transport of F radicals and the delivery of activation energy to the etched films [30] . Therefore, the F and CF x densities affect the etching behavior. Because of the high F density and small CF x density, the C 2 F 6 /O 2 /Ar plasma is well suited for the etching of SiCOH low-k films. The increase in the LF power can increase the etching rate of SiCOH low-k films effectively. Fig.7 Etching rate of SiCOH low-k films with LF power increase Fig.8 AFM images of (a) the as-deposited SiCOH low-k films, (b) the films etched using CHF3/Ar plasma, and (c) the films etched using C2F6/O2/Ar plasma at the LF power of 25 W Fig. 8 shows the 3D AFM images of the as-deposited SiCOH low-k films etched by using CHF 3 /Ar plasma and using C 2 F 6 /O 2 /Ar plasma at the LF power of 25 W. The as-deposited SiCOH film shows a rough surface composed of small cones with the RMS roughness of 17.31 nm. For the films etched using CHF 3 /Ar plasma, the surface is covered with a dense C:F layer [31] . For the films etched by C 2 F 6 /O 2 /Ar plasma at the LF power range of 10∼ 35 W, the film surface is also composed of small cones; however, no dense C:F layer is found. Smooth surfaces with an RMS roughness of 0.59 ∼ 1.12 nm are obtained. Therefore, the increase in the LF power leads to a reduced surface roughness of the etched films.
According to the above results, we can conclude that the LF power plays an important role in optimizing the etch plasma chemistry and improving the etching of SiCOH low-k films. In the DF-CCP, the increase in the LF power can lead to an increase in the ion energy and ion flux. As a result, the probability of an ion-neutral impact reaction increases, and the effect of ion-neutral impact dissociation on the plasma chemistry increases gradually. For the C 2 F 6 /Ar plasma, the ion-neutral impact leads to the decrease of fluorocarbon radicals with a high F/C ratio and the increase of those with a small F/C ratio. For the C 2 F 6 /O 2 /Ar plasma, the increase in the LF power prompts the reaction between O 2 and C 2 F 6 . As a result, the fluorocarbon radicals are depleted while the F density increases significantly, leading to an F-rich plasma. Because F atoms are efficient etching agents for SiCOH films, while the deposition of fluorocarbon radicals on the etched films can inhibit the transport of F radicals and the delivery of activation energy to the etched films, the increase of F and the decrease of fluorocarbon radicals improve the etching characteristics of SiCOH films, resulting in a higher etching rate and a small surface roughness. Therefore, the LF power plays an important role in optimizing both the etch plasma chemistry and ion bombardment for microelectronic manufacturing.
Conclusion
This work has investigated the plasma chemistry of C 2 F 6 /O 2 /Ar and its effect on the etching characteristics of SiCOH low-k films in 60 MHz/2 MHz dualfrequency capacitively coupled discharge. The increase in the LF power can increase the dissociation of C 2 F 6 and produce CF 3 , CF 2 , F and CF radicals by increasing the ion-neutral impact probability, while increasing the pressure will decrease the dissociation of C 2 F 6 . For C 2 F 6 /O 2 /Ar plasma, the increase in the LF power can prompt the reaction between O 2 and C 2 F 6 , eliminate CF 3 and CF 2 radicals and create an F-rich environment. Plasma with a high F content and low CF x content can improve the etching characteristics, leading to a high etching rate and a smooth etched surface. 
